Introduction 4 0
Even small changes in the mean or variation of a climate variable cause disproportionally 8 previous tree ring width (Camarero, Guerrero-Campo & Gutierrez 1998 where y is the cumulative ring width (μm) at time t (day of the year), α is the final asymptotic 1 7 6 size representing the annual potential growth, β is the x-axis placement parameter and k is the 1 7 7 rate of change parameter. For each tree and monitoring year, the following phenological xylem formation phases were 1 7 9 recorded: i) cambium reactivation, ii) beginning of cell enlargement (bE); iii) beginning of thickening period (dW = cW -bW); and iii) the total duration of wood formation (i.e., the 1 9 0 duration of xylogenesis) (dX = cW -bE). Data were analysed using the CAVIAR (v2.10-0) Starting from the detailed time-resolved data from tree microcores, the annual C fixed in the 1 9 4 stem (SG t ) was estimated for each of the sampled tree, as follows: (2) 1 9 7 1 9 8
where SG t is the amount of C fixed in the stem per year expressed in Mg C yr −1 , 0.46 is the The site-specific allometric equation for beech used for BS was that proposed by Masci Where BS is in Mg DW, and DBH is the diameter (in cm) at 1.30 m (R 2 = 0.96, p-value < 2 0 8 0.01).
0 9
Upscaling to stand scale was performed according to the following equation:
with SG expressed in Mg C ha -1 yr −1 , n being the number of trees per hectare, d avg the average 2 1 2 diameter (cm) and d st the diameter of the sampled tree (cm).
where ES is the stem CO 2 efflux per unit surface area (μmol m −2 s −1 ), K CO2 (μmol mol −1 s −1 ) is 2 2 9
the slope of the regression between CO 2 concentration and time during measurements, V mol , 2 3 0 the molar volume, is the volume occupied by one mole of CO 2 (m 3 mol −1 ), at the air pressure 2 3 1
(measured by built-in sensor of the EGM-4) and air temperature (T air in °C) at the 2 3 2 measurement time, A is the exposed lateral surface area of the stem (m 2 ), and V cuv is the sum 2 3 3 of SRC-1 and collar volumes (m 3 ).
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An exponential function was used to assess the relationship between ES and T air where K T is the regression slope taken from linear regression of log10 of ES versus T air . During the non-wood formation period, ES nw (μmol m −2 s −1 ) was constituted only by the 2 5 0 effluxes derived by maintenance respiration (ESb, μmol m −2 s −1 ), which was calculated as:
During the wood formation period, ES w (μmol m −2 s −1 ), which is affected by both 2 5 5 maintenance and growth respiration, was calculated as: We assumed that ESb and its relationship with air temperature was also valid during the wood 2 6 1 formation period, although this approach does not account for the acclimatisation of acclimatisation (Carey et al., 1997; Stockfors & Linder, 1998 The daily C effluxes of the whole stem were obtained by integrating, over the entire stem 2 7 1 area, the effluxes through equation 7, 8, 9, using half-hourly T air values measured at the site. The stem area was calculated as follow: where LA is the stem lateral area (m 2 ) (R 2 = 0.828, p-value < 0.01, for more details on the 2 7 7 equation see additional material Methods S1). Using DBH, we considered the measurement at 1.30 m to be representative of the whole stem, even though contrasting effects of height on 2 7 9 stem CO 2 effluxes have been reported (see Damesin et al., 2002; Katayama et al., 2019) .
Annual values of each of the C fluxes of the five sampled trees (TES, TESb, TESg, see Table   2 8 1 1 for definitions) were obtained by summing up the daily values. On the assumption that the selected trees were representative of the stand, annual values of 2 8 3 each of the fluxes at stand scale (AES, AESb, AESg, Mg C ha −1 yr −1 , see where TES x was the effluxes at tree level (TES, TESb, TESg, g C yr −1 ), n is the number of 2 8 9 trees per hectare, d avg is the average diameter (cm) and d st is the diameter of the sampled tree 2 9 0 (cm). For the period 1989-2014, FLUXNET2015 release half-hourly air temperature and 2 9 3 precipitation were used (Reyer et al. 2019) . For the period of the study (2015-2017), according to FLUXNET 2015 release equations. The Standardized Precipitation Evapotranspiration Index (SPEI), considered the most Leaf phenology was monitored using the MODIS Leaf Area Index product (LAI, Descriptive parameters of growth and xylem phenology were tested using one-way repeated 3 1 1 measures analysis of variance, with years as factor, followed by post-hoc (Holm-Sidak 3 1 2 method). An exponential equation was used to evaluate the relationship between ES and T air .
Differences among ES parameters (Q 10 and ES 15 ) were tested using two-way repeated 3 1 4
measures Anova (two factor repetition), using year and period (non-wood formation, wood method. Linear regressions were used to assess the relationship between tree ring widths 3 1 7
(TRW) and mean annual ES. We tested data normality and constant variance using the Shapiro-Wilk test and the Spearman rank correlation between the absolute values of the 3 1 9
residuals and the observed value of the dependent variable. The date of onset of photosynthetic activity, based on leaf area index (LAI) dynamics, respectively. In all three years, cambium reactivation occurred after leaf unfolding at DOY cell production also continued after the late frost event, but at considerably lower rates.
2 7
Different intra-annual growth patterns were observed during the three study years, especially 3 2 8
in the year of the late frost (2016, Fig. 3 , Table 1 ). In 2016, the maximum growth rate (rx) (F Differences were also observed for the beginning, cessation, and duration of wood formation The beginning of the wall thickening phase did not differ among the years (F = 4.188, p-value 3 4 0 = 0.06). The cessation of this phase occurred latest in 2015 (F = 69.167, p-value < 0.001). (1.29 ± 0.30 μmol CO 2 m −2 s −1 ).
5 3
In each year, ES was strongly related to air temperature through the standard exponential (whole year, wood formation and non-wood formation periods; see also (0.90 ± 0.07 μmol CO 2 m −2 s −1 ) than in 2016 (0.60 ± 0.09 μmol CO 2 m −2 s −1 ). No differences 3 7 0 among years were found for ES during the non-wood formation periods. The estimated contribution of maintenance respiration to ES for individual trees ranged 3 7 6
between 112 g C m −2 yr −1 in 2016 (tree number 4 showed no growth) and 284 g C m −2 yr −1 in 3 7 7
2017 (tree number 2), and was lower, on average, in 2016 (169 ± 21 g C m −2 yr −1 ) than in Likewise, the estimated contribution of wood formation to ES for individual trees varied in 2015 (48 ± 9 g C m −2 yr −1 ) and 2017 (39 ± 8 g C m −2 yr −1 ). In relative terms, the 3 8 3 contribution of wood formation to ES was estimated to be 18 ± 2%, 9 ± 3% and 16 ± 3% in During the study period, annual average measured ES and tree ring widths were closely 3 8 8 related (Fig. 5 ). Seasonal patterns of ES were similar in the three years, but with different 3 8 9 amplitudes (Fig. 8) . Moreover, ESb, the stem C effluxes affected by maintenance respiration, showed a similar pattern among the three years. We observed a time-lag between the time of 3 9 1 maximum growth rate (tx) and maximum ES values of 23 ± 2 days, 31 ± 2 days and 29 ± 1 3 9 2 1 7 days in 2015, 2016 and 2017, respectively. Differences between years were not significant (F 3 9 3 = 3.317, p-value = 0.07).
9 4
From tree to stand level 3 9 5
Annual stand-level stem C emissions (AES) were lower in 2016 (1.58 ± 0.22 Mg C ha −1 yr −1 ) 3 9 6 than in 2015 (2.24 ± 0.24 Mg C ha −1 yr −1 ) and 2017 (2.02 ± 0.27 Mg C ha −1 yr −1 ) (Table 3) . Annual stem C effluxes due to maintenance respiration (AESb) in 2015 (1.47 ± 0.19 Mg C 3 9 8 ha −1 yr −1 ) were lower than in 2016 (1.82 ± 0.16 Mg C ha −1 yr −1 ); AES due to growth To the best of our knowledge, this is the first time that the effects of a spring late frost with a 4 1 2 subsequently close summer drought on the wood formation dynamic of beech have been In all three years, cambium reactivation and wood formation occurred within 1-3 weeks after related to the C allocation hierarchy, which identifies newly developing leaves as the main C cambium remained active at low rates even after complete canopy defoliation, probably After the second re-sprouting, cambium cell production decreased and became non- The 2017 summer drought became severe only in August (SPEI > 1.5), when the trees had occur (e.g. Lempereur et al., 2015; Forner et al., 2018) . Instead, the importance of spring Effluxes from stem are not entirely synchronised to radial growth 4 5 8
Mean annual values of Q 10 ranged between 2.11 (2016) and 2.71 (2015) and were similar to Similar intra-annual variability of Q 10 has been observed in many studies on different species Our results suggests that wood formation affects Q 10 , indeed Q 10w was higher than Q 10nw , As reported in other studies, ES15, stem CO 2 efflux at an air temperature of 15°C, was 4 7 1 sensitive to wood formation processes, showing an increase during the growing period delay, of about a month, was observed, as similarly found in a young beech forest in which Furthermore, our results confirmed that peak ES occurred when xylem cells were still in the 4 7 7
phase of wall thickening and lignification, as previously hypothesized (Ceschia et al. 2002) .
7 8
Moreover, when maximum ES was observed, it is very likely that trees were already refilling The amount of C fixed by stem biomass formation in 2015 and 2017 ranged from 2.58 to 2.70 4 8 2
Mg C ha -1 yr -1 , a bit higher than the values reported for a beech forest in Germany, ranging the drought year presented in this study (2017, 1.58 Mg C ha -1 yr −1 ) was about 150% higher in 2017, see also Collalti et al., 2019) and to different measurement tools. The contribution of 4 9 4
AESg to annual stem effluxes, ranging from 7% to 19%, was lower than that measured in a 4 9 5 young beech forest (Ceschia et al., 2002) , evidencing the importance of forest developmental 4 9 6 stage in determining wood formation and growth respiration. The construction cost we found 4 9 7 of 0.23 g C fixed per g C emitted is consistent with the values reported for beech, 0.2 -0.38 g 4 9 8
C fixed per g C emitted (Ceschia et al. 2002; Damesin et al. 2002) . While the late frost event in 2016 reduced both wood growth and stem CO 2 efflux with 5 0 0 respect to those measured in the other two years, the percentage of growth reduction (80%) 5 0 1 was much larger than the reduction of ES (25%). Hence, it seems that in mature beech the 5 0 2 contribution of growth respiration to total stem CO 2 fluxes is lower than that of maintenance 5 0 3 respiration, as reported in Collalti et al.(2019) .
In the year of late frost, the strong reduction of 5 0 4
fixed growth C and the contemporary lower reduction of stem CO 2 efflux strongly affected 5 0 5
the overall stem carbon balance. In contrast, the summer drought did not have any effect on 5 0 6 stem growth, and thus neither on C efflux due to growth respiration.
0 7
In conclusion, this study further highlights the sensitivity of beech to leaf damage due to late 5 0 8 spring frost. Since leaf development is forecast to start earlier for beeches due to global 5 0 9
warming (Augspurger 2013), the likelihood that spring frost may damage leaves will increase.
1 0
We demonstrated that stem growth was significantly reduced due to the prolonged absence of 5 1 1 photosynthesizing leaves after frost, since beech trees tapped their pool of old C reserves.
1 2
However, the loss in growth was not completely compensated for after re-growth of leaves, Moreover, the summer drought occurred too late to affect wood formation and stem CO 2 5 1 7
effluxes. However, more investigations are needed to evaluate its effects on other 5 1 8
physiological processes. This study also underlines the crucial role of spring weather 5 1 9
conditions on the growth and physiology of beech trees.
2 0
A better understanding of fine scale C dynamic will help in evaluating a medium-to long-5 2 1 term response to climate change under an increasing frequency of extreme events. The activities of Negar Rezaie at the wood anatomy laboratory of Slovenian Forestry Institute Department of Biology, Agriculture, and Food Secures (Prot. 71951, 06/11/2017).
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